Antibiotic loaded cement beads are commonly used for the treatment of biofilm related orthopaedic periprosthetic infections; however the effects of antibiotic loading and exposure of beads to body fluids on release kinetics are unclear. The purpose of this study was to determine the effects of (i) antibiotic loading density (ii) loading amount (iii) material type and (iv) exposure to body fluids (blood or synovial fluid) on release kinetics and efficacy of antibiotics against planktonic and lawn biofilm bacteria. Short-term release into an agar gel was evaluated using a fluorescent tracer (fluorescein) incorporated in the carrier materials calcium sulfate (CaSO 4 ) and poly methyl methacrylate (PMMA). Different fluorescein concentrations in CaSO 4 beads were evaluated. Mechanical properties of fluorescein-incorporated beads were analyzed. Efficacy of the antibiotics vancomycin (VAN) or tobramycin (TOB) alone and in combination was evaluated against lawn biofilms of bioluminescent strains of Staphylococcus aureus and Pseudomonas aeruginosa. Zones of inhibition of cultures (ZOI) were measured visually and using an in-vivo imaging system (IVIS). The influence of body fluids on release was assessed using CaSO 4 beads that contained fluorescein or antibiotics and were pre-coated with human blood or synovial fluid. The spread from the beads followed a square root of time relationship in all cases. The loading concentration had no influence on short-term fluorescein release and pre-coating of beads with body fluids did not affect shortterm release or antibacterial activity. Compared to PMMA, CaSO 4 had a more rapid short term rate of elution and activity against planktonic and lawn biofilms. This study highlights the importance of considering antibiotic loading and packing density when investigating the clinical application of bone cements for infection management.
Introduction
Orthopaedic periprosthetic joint infections (PJI) are difficult to treat with systemic antibiotic therapy and can lead to severe complications such as removal of the implant with functional loss of the affected body part or life-threatening conditions [1, 2] . The extent of infection depends upon several factors, such as health of the patient, length of time of infection and condition of local soft tissues.
in the regeneration of bone, but is not utilized for structural integrity as it is a weak inorganic compound [10, 11] . High purity synthesized CaSO 4 has the advantage of less adverse reactions in patients than with cements purified from mined mineral. It is also biodegradable, so that all antibiotic is released and no material remains and it cures at relatively low temperatures and is therefore compatible with a wide spectrum of antibiotics [12] .
Biofilms are communities of microorganisms that colonize surfaces or exist as aggregates and play an important role in the pathogenesis of PJI [13] . In the case of PJI, biofilms are commonly associated with a foreign body such as a prosthetic [5, 13] . Bacteria in a biofilm becomes highly tolerant to antibiotics as compared to the planktonic phenotype, therefore localized antibiotics delivery is needed to provide sustained high concentrations of antibiotics, that cannot be achieved systemically [14, 15] .
However, to achieve these concentrations, whether incorporating the required dose of antibiotics in few beads or distributing the dose in multiple beads to provide better release and efficacy is unclear. In a previous study, we reported that the zone of inhibition of Pseudomonas aeruginosa PAO1 from CaSO 4 carrier beads loaded with tobramycin (TOB) was similar regardless of whether beads were placed singly or in groups of 2, 3 or 4 ( Fig. 2A) [5] . This is important since it shows that in diffusion limited environment, such as might be found in periprosthetic tissue or quiescent fluid, that the packing density of the beads is an important consideration in providing adequate coverage of the infected area. Further, multiple beads placed together also provide a multiplicity of antibiotic at a specific location. Moreover, when the release is diffusion limited for an absorbable material in which all antibiotic will be released it might be expected that the higher bead density would provide longer coverage.
Antibiotic release from loaded bone cement has been earlier reviewed [17, 18] . The release of antibiotic from bone cement materials can be affected by factors such as type [19] , preparation [20] , surface characteristics [21] , and porosity of the cement [22] , as well as the amount and type of the antibiotic. Highly porous cement may elute more antibiotic and for a longer period of time relative to cement with less porosity [23] . The porous cement material such as CaSO 4 is a better antibiotic carrier material than PMMA for local delivery of antibiotics [5] . In a recent study by Chang et al. [24] it was shown that adding antibiotics (such as vancomycin, amphotericin B) powder in distilled water before mixing with bone cement significantly improves the efficiency of antibiotic release than same dose of antibiotic powder [24] . However, the ultimate compressive strength of the beads was significantly reduced in specimens containing liquid antibiotics.
Release of antibiotic from bone cement has previously been reported and measured in phosphate buffered saline (PBS) by estimating the zone of inhibition [25] or by using HPLC [26] or LC-MS [27] . However, the diffusion of antibiotics from a carrier bead into surrounding soft tissue and quiescent joint fluid is a diffusion limited environment and the degree of penetration of an antibiotic into the infected site is an important determinant of therapeutic success [4, 28] . We have earlier reported the use of agar diffusion method to analyze the zone of inhibition [5] and extended these observations to study the importance of antibiotic loading density, loading amount, material type and exposure to body fluids on release kinetics and efficacy of antibiotics against planktonic and lawn biofilm bacteria. The agar method allows understanding how antibiotics might spread into the surrounding tissues as we can monitor the elution distance, antibacterial effects and preserve the gradients that are likely to develop in vivo in areas that are diffusion limited. The diffusion limited agar technique therefore becomes relevant and clinically important.
To investigate the release kinetics of diffusion from beads into a surrounding gel in real time we used fluorescein dye tracer which has previously been used as a surrogate to study antibiotic release based on its hydrophilic characteristics [16] . In the clinical setting, antibiotic-loaded beads immediately come into contact with the body fluids, such as blood and synovial fluid that may influence the properties and release from the beads. We hypothesized that exposure to these body fluids influences the release kinetics of antibiotic from antibiotic-loaded orthopaedic cements. Calcium is a known clotting factor and it is possible that blood clots that form around the beads may also influence release of antibiotics. This might be disadvantageous (by trapping antibiotics within the beads) or advantageous (slowing down the release to increase the period over which the beads may effectively release antimicrobial concentrations inhibitory to the cells).
Therefore the purpose of the present study was to determine whether (i) the bone cements PMMA and high purity synthetic CaSO 4 hemihydrate would have different elution kinetics and efficacy against planktonic and biofilm bacteria, (ii) the release kinetics of antibiotics from CaSO 4 beads was dependent on the loading concentration and (iii) if exposure to human blood or synovial fluid influenced the release kinetics and antibiotic efficacy. To track release, we used an agar model to simulate release into a surrounding viscous medium by diffusion alone, using fluorescein as a tracer and the extinction of activity in biofilm lawns grown from bioluminescent strains of Staphylococcus aureus and Pseudomonas aeruginosa, two common PJI pathogens.
Materials and methods

Preparation of bone cement beads with fluorescein
CaSO 4 (Stimulan Rapid Cure, Biocomposites Inc., NC, USA) and PMMA (PALACOS® R, Zimmer, IN, USA) powders were weighed, and the corresponding volume of respective liquid (sterile water for Stimulan Rapid Cure and methyl methacrylate, N,N-dimethyl-p-toluidine in case of PALACOS R) was added and mixed for 30 to 60 s to form a homogeneous paste. The paste was then spread onto a flexible rubber mold (Biocomposites Ltd) to make hemispherical beads of 4.8 mm diameter. The beads were left undisturbed to set for 1 h. After the beads solidified, the molds were flexed by hand in a torsional motion to remove the beads which were loosened from the mold and dropped in sterile Petriplate and stored at room temperature until use. Control beads were prepared without fluorescein. The average mass of a single 4.8 mm bead was 59 ± 8 (n = 4) mg, so that one pack could potentially make up to 900 set beads. The mass of an individual bead and the total number of beads that could be made per pack were used to calculate the amount of additive (fluorescein or antibiotic) on a per-bead basis to account for density differences between the two materials.
In order to analyze the effect of number of beads on release of fluorescein, single or multiple CaSO 4 beads (1-4) containing fluorescein (1.0 g per 10cc pack of CaSO 4 , Stimulan Rapid Cure, Biocomposites) were placed on 1% agar (Fig. 2B ). Using fluorescein, similar elution characteristics were observed as in case of TOB when single and multiple beads were used ( Fig. 2A-B) . Furthermore, in order to investigate the effect of loading density on elution kinetics, various concentrations of fluorescein-containing beads were also prepared. The weights of fluorescein used were 0.125, 0.25, 0.5, 1.0, 2.0 and 4.0 g per 10cc pack of CaSO 4 . Amounts above 4.0 g per 10cc pack of CaSO 4 were not used, since at higher amounts the beads did not set well.
Elution kinetics of fluorescein through bone cement beads
CaSO 4 and PMMA beads containing fluorescein were placed on 1% pure agar (Sigma, USA) plates using sterile forceps. The plates were incubated at 37°C, and at different time intervals (0-8 h) fluorescent images were captured using a gel documentation system (Gel Doc™ XR Bio-Rad). The images were analyzed using a freeware program, Fiji (Fiji.sc/fiji). Images at various time points were aligned to create a set of images that were normalized to pixel size. Plate diameter was used to set the scale to pixel ratio, the images were stacked and automatic intensity threshold was applied to determine fluorescein elution distance. The fluorescein release experiments were performed in triplicate.
Mechanical properties of cement beads
Increasing the concentration of antibiotics can impair the setting and mechanical properties of the bone cements [15, 29] . Weakening of cement material is of high concern, thus in order to avoid mechanical weakening, low concentration of the compound is usually recommended [15, 30] . The strength of CaSO 4 beads containing fluorescein was measured using the compression test. A bead was placed between two parallel plates and was crushed with a constant strain. The test frame (100Q Series Mechanical Test Frame, Test Resources) was activated by turning on the device and running a compressive test profile with a constant positional change in the parallel plates. After optimizing the strain, 1 mm/min was selected due to the uniformity and consistency of the load (Newtons) as a function of time (seconds). The top compression plate was manually lowered until it was flush with the top point of the spherical section of the bead, and this position was set to zero. Upon initiation of the constant strain, the threaded top shaft was forced into the apex of the bead, and the force was measured in real-time by the load cell. The plots of load as a function of time were transmitted from the test frame to a laptop using WinCom™. Load as a function of time for a CaSO 4 bead was plotted where the bead exhibited a clear first crack point, which was termed its ultimate compressive strength. Thus, the applied force recorded was when the microstructure of the bead began to permanently deform (termed as the first crack strength). Maximum load values of the impregnated beads were exported to Excel and compared to their respective control beads.
Fluorescein-impregnated CaSO 4 beads were compressed until their ultimate compressive strengths were observed on the plots of applied load as a function of time. Student t-tests were performed on each of the concentrations of fluorescein compared to the non-impregnated bead.
Preparation of CaSO 4 and PMMA beads impregnated with antibiotics
The efficacy of antibiotic-impregnated bone cements was measured by preparing beads in a similar way as mentioned for fluorescein. Briefly, CaSO 4 (20.0 g per pack) or PMMA (40.0 g per pack) beads with or without the antibiotic(s) [vancomycin hydrochloride (VAN; Fluka USA) 1.0 g per pack of cement powder or tobramycin sulphate (TOB; Sigma-Aldrich) 240 mg per pack of cement powder] were prepared. The loading amount of antibiotic (VAN) per bead in CaSO 4 was 3.9 mg and TOB was 0.97 mg. PMMA had 3.47 mg of VAN and 0.9 mg of TOB per bead [14] . The percent weight of antibiotic impregnated bead was normalized based on 1.0 g antibiotic added to a 10cc pack of Stimulan per the manufacturer's recommendation. The levels of antibiotic addition were representative of levels reported in the literature [5] . The powders were evenly blended with or without the antibiotics and beads were prepared as described earlier. Controls consisted of beads with no antibiotic (negative control) and plates with no beads (positive control). All the experiments were performed in triplicate.
Bacteria and growth conditions
Bioluminescent strains of Staphylococcus aureus SAP231 [31] and Pseudomonas aeruginosa Xen41 (PerkinElmer, USA) were used. S. aureus SAP231 is a multidrug resistant strain (MRSA) of pulsed-field gel electrophoresis type USA300 containing an integrated plasmid carrying luxBADCE, [31] whereas P. aeruginosa Xen41 is a P. aeruginosa PAO1 luminescent strain that harbors the luxCDABE cassette inserted in a constitutively expressed manner [32, 33] . These bacteria were cultured in brain heart infusion (BHI) and lysogeny broth (LB) respectively (Sigma Aldrich, USA).
Determination of MIC of VAN and TOB against bacteria
The MIC of antibiotics (VAN and TOB) was determined using the E-test strip method. S. aureus SAP231 or P. aeruginosa Xen41 was grown in the appropriate growth media overnight and diluted 100 times. The diluted culture was spread (100 μL) onto freshly prepared BHI or LB agar plates, and E-test strips (BioMerieux, KY, USA) were placed on the surface of the plates. The plates were incubated for 24 h at 37°C, and the MIC was determined based on the area of no growth corresponding to the lowest antibiotic concentration [34] .
Inhibition of planktonic bacterial growth using antibiotic eluting beads
Agar diffusion assays were used to determine release and inhibitory activity of antibiotics from the beads (CaSO 4 or PMMA) over time. For inoculating the agar plates, a colony of bacteria was removed from a cultured Petri dish to culture overnight at 37°C in 15 mL BHI or LB broth for respective bacterial cultures. The grown culture was diluted to an optical density (OD) corresponding to~10 6 cells/mL and plated on respective BHI or LB solid agar media. The antibiotic-loaded beads containing VAN, TOB or combinations (VAN + TOB) were placed in the center of the plates immediately after inoculation. The plates were incubated at 37°C at 5% CO 2 for 24 h. Images of the plates were taken, and the diameter of the zones of inhibition (ZOI) formed around the beads was measured using Vernier calipers and the in-vivo imaging system (IVIS). Measurements of ZOI were taken 24 h after placement of the bead. Assays were performed in experimental triplicate and the ZOI data were expressed as the mean ± standard error.
Killing pre-existing lawn biofilms using antibiotic eluting beads
Bacterial cultures were spread on respective agar media as described earlier for planktonic bacterial growth and were incubated for 24 h at 37°C. CaSO 4 or PMMA beads with or without antibiotics were placed onto pre-grown lawn biofilms of S. aureus SAP231 or P. aeruginosa Xen41 on respective agar plates. Images of the plates were taken and the area around the antibiotic beads showing the dark zone where bioluminescence was suppressed by the spreading antibiotic under IVIS imaging system was measured and designated as the "zone of inactivation" (ZOIn). The ZOIn formed around the beads was measured every 24 h following placement of the bead on the plate. The spread of inactivation was measured as the radius of the dark circle. The distance was plotted as a power law relationship function of the square root of time to linearize the data (all R 2 N 0.90). The slope (power law constant) was used as a comparative release rate coefficient. Swabs from the inner and outer zones for both PMMA and CaSO 4 beads placed on the lawn biofilm were collected and spread on fresh agar plates to determine whether the bacterial cells in the zone of inactivation had been killed. Assays were performed in experimental triplicate and the ZOIn data were expressed as the mean ± standard error.
The colony forming units (CFU/cm 2 ) were calculated from the 24 h grown cultures on the agar plates. Agar plugs from different areas of the plates containing S. aureus or P. aeruginosa (24 h grown) were immersed in sterile PBS, homogenized, serially diluted and plated on respective growth media. The counts for S. aureus and P. aeruginosa were 1.33 × 10 7 and 1.21 × 10 6 CFU/cm 2 respectively. One tailed Student's t-test was used to compare between CaSO 4 and PMMA beads.
Influence of host factors on release kinetics
To determine whether host factors influence fluorescein release, we used human blood and bovine synovial fluid (Lampire Biological Laboratories, PA). Blood from healthy human donors was collected in accordance with the approved IRB protocol 2015H0121. Individual beads (with or without fluorescein) were placed in wells of a 96-well microtitre plate and fresh unadulterated blood (~200 μL) was immediately added to the well after collection. In addition to unadulterated blood which formed a clot on the beads we also exposed beads to heparinized blood. Similarly, bovine synovial fluid (~200 μL) was added to the microtitre plate wells containing fluorescein in CaSO 4 beads. The beads were removed after 20 min and were placed on the surface of 1% agar plates using sterile forceps. The plates were incubated for 24 h at 37°C and every hour fluorescent images were collected and processed using Fiji.
Influence of host factors on antibacterial activity
To compare the effect of unadulterated human blood and bovine synovial fluid on the ZOI, CaSO 4 beads with and without TOB antibiotic (240 mg in 10cc pack) were placed in microtitre plate wells and fresh blood from healthy donors (~200 μL) was immediately added. The beads were removed after ensuring blood clots and coats around the beads (20 min) and were placed on the surface of P. aeruginosa spread LB agar plates. The beads were inserted inside the agar surface, plates were incubated at 37°C, and images (using camera and IVIS) were collected after 24 h.
Results
Short-term release from bone cements
Fluorescein was used as a tracer compound to study short-term release (8 h) through 1% agar using varying concentration of fluorescein-impregnated CaSO 4 beads. Fluorescence intensity increased over time along the radial distance travelled (Fig. 3A-B) .
The spreading distance (d) conformed to a square root of time (t) power law relationship according to:
where we termed the coefficient "r" as the release coefficient for comparative purposes. This half-order relationship was derived from Fick's second law on the basis that antibiotic elution through a media undergoes unsteady-state molecular diffusion. We observed significant differences in the rate of fluorescein elution when PMMA and CaSO 4 beads were tested (P b 0.05) (Fig. 4A-B) . CaSO 4 had a faster shortterm release rate than PMMA.
Mechanical properties of fluorescein-containing CaSO 4 beads
Initially, the ultimate compressive strength of the CaSO 4 beads strength increased with fluorescein weights of up to 0.5 g (Fig. 4C) . However, at weights of 2.0 g and 4.0 g of fluorescein, the beads were significantly weakened. Above 4.0 g, the beads did not set. However the effect of additives on the mechanical strength of mineral cement is of less concern than that of PMMA which serves a mechanical function and should be above ISO and ASTM standards [35, 36] .
Determination of minimum inhibitory concentration
The MIC of both VAN and TOB against S. aureus SAP231 was 2.0 μg/mL. For P. aeruginosa Xen41, the MIC of TOB was 1.5 μg/mL. VAN had no effect on the growth of P. aeruginosa.
Inhibition of planktonic bacteria by antibiotic elution through beads
CaSO 4 beads demonstrated faster killing than PMMA beads against both P. aeruginosa and S. aureus (Table 1 ). The ZOI was measured surrounding CaSO 4 beads loaded with or without VAN or TOB on agar plates. ZOI by CaSO 4 loaded with TOB against P. aeruginosa was larger (41 ± 0.6 mm) than against S. aureus (30.6 ± 0.8 mm). Moreover, VAN had lower ZOI (23.9 ± 0.8) against S. aureus than did TOB (Table 1) .
Biofilm inactivation by antibiotics elution from CaSO 4 and PMMA beads
The zone of inactivation (ZOIn) of growth of lawn biofilms of P. aeruginosa and S. aureus with different antibiotics and carrier materials is shown in Figs. 5 and 6 .
The spread of inactivation was higher in the case of CaSO 4 than PMMA (Fig. 6A-D) . Rate of inactivation was higher as evidenced by the slopes using CaSO 4 than with PMMA against S. aureus and P. aeruginosa Xen 41 ( Fig. 6A-D The spread rate constants were higher for CaSO 4 (P b 0.05) than for PMMA, demonstrating a faster release rate. TOB + VAN significantly increased the spread rate of inactivation of lawn biofilms in the case of S. aureus from both cements than VAN alone, suggesting a possible synergistic effect of the two antibiotics. However, the combination of antibiotics had no significant effect on increasing the ZOIn with either of the cement materials against P. aeruginosa (Fig. 6C-D) .
Areas within the ZOIn were swabbed from plates with P. aeruginosa and S. aureus lawns containing antibiotic beads after day 3. S. aureus showed viable cells present in the ZOIn with both cement beads containing antibiotics, whereas no growth of P. aeruginosa Xen41 in the ZOIn was observed. Although this suggests complete eradication of P. aeruginosa biofilms with antibiotics VAN and/or TOB, a longer antibiotic contact time may be required to eradicate S. aureus SAP231.
Body fluids do not influence release from bone cement
The rate of elution of fluorescein from PMMA when coated with blood was significantly slower (P b 0.05) than with no fluids (Fig. 7) . Heparinized blood had no influence on the short-term (8 h) elution of fluorescein from CaSO 4 (P N 0.05, data not shown).
Body fluids do not influence ZOI
Antibiotic-incorporated CaSO 4 beads had the same ZOI regardless of whether they were uncoated or were coated with blood or synovial fluid (Fig. 8A-B) .
The ZOI by TOB in the absence of body fluids was 41 ± 0.6 mm against P. aeruginosa Xen41 and 30.6 ± 0.8 mm against S. aureus SAP231 (Table 1) . VAN showed a ZOI of 23.9 ± 0.8 mm against S. aureus. In the presence of blood or synovial fluid, the ZOI for TOB against S. aureus was 30.8 ± 0.5 or 30.5 ± 0.7 mm respectively, whereas for VAN the ZOI was 24.2 ± 1.0 or 23.9 ± 0.9 mm respectively. Against P. aeruginosa, the ZOI with TOB was 41 ± 0.6 that was statistically non-significant (P = 0.39) when the beads were coated with blood (41.2 ± 0.5 mm) and synovial fluid (40.7 ± 0.9 mm) suggesting no influence of body fluids on antibacterial activity.
Discussion
The delivery of local antibiotics for the management of musculoskeletal infection has become increasingly popular [17, 37] . Initial high local concentration of antibiotic is beneficial to eradicate resistant bacteria and biofilms that may be present at the site of infection, even after debridement. High local concentrations of antibiotics facilitate diffusion to avascular areas. These areas could remain inaccessible to systemic antibiotics and organisms that are resistant to drug concentrations achieved by systemic antibiotic. Due to the higher localized drug concentrations from antibiotic-loaded beads, these resistant organisms may be more susceptible [37] [38] [39] . Fluorescein sodium, a freely water soluble and hydrophilic compound was used as a fluorescent tracer for elution kinetic studies [16] . In this study, fluorescein-loaded CaSO 4 had a greater short-term rate of elution than PMMA (Fig. 4A-B) . The higher rate of elution could be due to differences in micropore structure and the absorbable feature of CaSO 4 as compared to the non-absorbable PMMA [5, 14] .
Present and previous studies have shown that packing density is important when considering the use of antibiotics in bone cements (PMMA and CaSO 4 ) [5, 14] , highlighting the importance that initial release of antibiotics into a tissue or fluid may not be strongly influenced by loading concentration. However, it is important that the packing density is adequate to ensure spatial distribution of the antibiotic, particularly in areas that are diffusion-limited. If impregnated CaSO 4 beads initially release at the same rate regardless of antibiotic concentration, it can be concluded that the higher the concentration of antibiotic, the longer the bead will elute. Though, at high antibiotic impregnation, faster degradation may ensue due to changes in the mechanical structure and properties of the bone cement beads [15, 29, 40] and may lead to faster degradation. It is evident that the low concentration of fluorescein in CaSO 4 increases the short term ultimate compressive strength. At 2.0 g and 4.0 g (per 10cc) fluorescein, CaSO 4 became increasingly brittle and harder to mix, thus forming weaker beads. When 1.0 g of fluorescein was incorporated in CaSO 4 , no difference in the ultimate compressive strength was observed (Fig. 4C) . Interestingly, even at 4.0 g there was little influence of the mechanical strength on short-term release kinetics, even though the significantly weaker strength suggested changes to the microstructure. Biofilms are of major concern in PJI infections [13] . Due to the link between the biofilm phenotype and the establishment of periprosthetic infection, additional studies were undertaken to determine how effective antibiotic-loaded beads were at killing planktonic and preformed lawn biofilms. Vancomycin and tobramycin were utilized because these two antibiotics are commonly used in the treatment of PJI [5, 14] . Vancomycin is a commonly used antibiotic due to its potential against Gram-positive bacterial infections, which are commonly due to methicillin resistant S. aureus (MRSA) [41] . Tobramycin is effective against both S. aureus and the opportunistic pathogen, P. aeruginosa. When incorporated in a porous carrier material (CaSO 4 ) the short-term release and efficacy of antibiotics was significantly enhanced as compared to PMMA. Our study showed that there was a faster initial release from CaSO 4 beads than PMMA, as evidenced by the ZOIn and fluorescein spreading patterns (Figs. 4 and 5 ). This suggests higher killing of lawn biofilms from antibiotic-impregnated CaSO 4 beads (Fig. 6) , which is consistent with the previous reports [5, 39, 42] . Furthermore, in previous studies, delivery of vancomycin resulted in low release efficiency when delivered using non-biodegradable materials such as PMMA [43, 44] . The lower antibiotic release from PMMA could be because of the compact matrix capable of taking up only small quantities of dissolution fluid into its outermost layers [23, 45] . Gradually, the dissolution fluid can penetrate the bone cement to dissolve antibiotics within superficial regions of the bone cement and fails to reach the interior of the bone cement. For example, gentamicin was only released from the outer 100 μm of PMMA bone cement [45] . CaSO 4 on the other hand is more porous and absorbable than PMMA [5, 42, 46] , therefore results in higher rate of elution of antibiotics. The sustained release of antibiotics from bone cements is largely affected by the penetration of fluids into the polymer matrix. Host factors such as in-vivo interaction of the beads with blood, synovial fluid or clotting at the site of surgery could affect the release and efficacy of antibiotics. Therefore considering the clinical relevance, the influence of blood and synovial fluid on release kinetics and antibiotic activity from CaSO 4 and PMMA beads was studied. Blood and synovial fluid showed no significant effects on short term release kinetics or antibiotic activity.
All the elution studies in the present investigation were performed by assessing diffusion into a solid hydrogel agar medium instead of the aqueous 'infinite medium' solution. In this case, the advantage of agar method for understanding how antibiotics might spread into the surrounding tissue is two-fold since the elution distance and antibacterial effects can be easily monitored, and it preserves the gradients that are likely to develop in-vivo in areas that are diffusion-limited. However, there are certain limitations of this study, wherein this is an in-vitro study, and did not evaluate the in-vivo elution kinetics or in-vivo inhibition of bacterial biofilms. These issues will be examined in future studies with more focus on clinical applications. Antibiotic-infused bone cements are promising materials in fighting and preventing PJIs. A greater short term rate of elution and antibiotic efficacy was observed with CaSO 4 beads as compared to PMMA. Interestingly, this was independent of the loading density and was not affected by exposure to body fluids. This study highlights the importance of considering antibiotic loading and packaging density when investigating the clinical application of bone cements for infection management.
